Abstract Hepatitis B virus (HBV) and hepatitis C virus (HCV) are among the most endemic pathogens worldwide, with more than 500 million people globally currently infected with these viruses. These pathogens can cause acute and chronic hepatitis that progress to liver cirrhosis or hepatocellular carcinoma. Both viruses utilize multifaceted strategies to evade the host surveillance system and fall below the immunological radar. HBV has developed specific strategies to evade recognition by the innate immune system and is acknowledged to be a stealth virus. However, extensive research has revealed that HBV is recognized by dendritic cells (DCs) and natural killer (NK) cells. Indoleamine-2, 3-dioxygenase is an enforcer of sequential immune reactions in acute hepatitis B, and this molecule has been shown to be induced by the interaction of HBV-infected hepatocytes, DCs, and NK cells. The interleukin-28B genotype has been reported to influence HCV eradication either therapeutically or spontaneously, but the biological function of its gene product, a type-III interferon (IFN-k3), remains to be elucidated. Human BDCA3 ? DCs have also been shown to be a potent producer of IFN-k3 in HCV infection, suggesting the possibility that BDCA3
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? DCs have also been shown to be a potent producer of IFN-k3 in HCV infection, suggesting the possibility that BDCA3
? DCs could play a key role in developing therapeutic HCV vaccine. Here we review the current state of research on immune responses against HBV and HCV infection, with a specific focus on innate immunity. A comprehensive study based on clinical samples is urgently needed to improve our understanding of the immune mechanisms associated with viral control and thus to develop novel immune modulatory therapies to cure chronic HBV and HCV infection. 
Introduction
Worldwide approximately 350 million people are infected with hepatitis B virus (HBV) and 170 million with hepatitis C virus (HCV) [1, 2] . Both viruses are hepatotropic and principally non-cytopathic, but they establish persistent infection, and chronically infected patients progress seamlessly to liver cirrhosis and hepatocellular carcinoma within decades. Owing to the rapid progress in basic research on genomics and immunology, some aspects of the intercourse between the virus and host have been elucidated. However, there are still many unsolved questions regarding the key mechanisms, such as how HBV and HCV are able to evade the host's immune surveillance system or trigger the chain of genetic derangements that ultimately lead to liver cancer. In order to fully understand immune reactions in patients with primary HBV or HCV infection it is necessary to improve our understanding of the critical issues of virus and host interaction. Upon the host's first encounter with the virus, the innate immune system should be triggered first, followed by the adaptive immune system consisting of multi epitope-specific CD4
? or CD8 ? T cell and B cell responses. Impaired responses by either of these two immune systems or otherwise discordant transitions from innate to adaptive immunity can lead to the failure of spontaneous viral clearance of the HBV/HCV primary infection.
The first line of defense is regulated by interferon (IFN) types IFN-a/b, IFN-k, and IFN-c and by genes subsequently activated by IFN [IFN-stimulated genes (ISGs)], which are part of the innate immune system and induced by infected hepatocytes and by intrahepatic immune cells. There is a large difference between the liver and the blood in terms of the proportion of natural killer (NK) cells and dendritic cells (DCs) in the immune response. The percentage of NK cells in the liver also increases by more than threefold compared to the peripheral blood, accounting for one-third of the intrahepatic mononuclear cell population [3] . NK cells and DCs may be important cellular components of the intrahepatic innate immune system. NK cells can kill virus-infected hepatocytes by receptor-mediated lysis or by releasing cytotoxic granules, such as granzyme and perforin (cytopathic mechanism). In addition, they produce IFN-c and tumor necrosis factor alpha (TNF-a), which can limit viral replication and even reduce covalently closed circular DNA (cccDNA) without liver damage (non-cytopathic mechanism) [4, 5] . DCs efficiently activate NK cells and induce adequate CD4
? and CD8 ? T cell responses in HBV and HCV infection, while they also play a major role in maintaining the state of tolerance by inducing regulatory T cells (Tregs) . DCs are at the center of the anti-viral immune network, and functional impairment of DCs leads to failure of viral clearance.
The focus of this review is the recent progress which has been made in the research field of innate immune responses in HBV and HCV infection.
Innate immunity in HBV infection: the role of NK cells and DCs
Following primary infection of adults with HBV, HBV-DNA remains undetectable in the serum for 4-7 weeks before an active and exponential phase of HBV replication occurs, which spreads over all hepatocytes and can lead to high viremia by the eighth to tenth week of infection. When the infection is self-limited, HBV-DNA rapidly decreases before the alanine aminotransferase (ALT) level peaks by the 12th-16th week [6] . A similar process was observed following inoculation of a chimpanzee with HBV: prior to maximum ALT level, the amount of HBV-DNA fell by more than 80 % within 2-3 weeks after the peak of viral replication [7] . This early virus control is probably sustained by non-cytopathic mechanisms [8] . As mentioned in the ''Introduction'', the first line of non-cytopathic defense is considered to be regulated by IFN-a/b, IFN-k, IFN-c and by the ISGs. However, comprehensive gene expression analyses in a chimpanzee and woodchuck infected with HBV were unable to detect measurable IFNs or ISGs during the HBV entry and expansion phase, suggesting that HBV remains largely undetected by the innate immune system [7] . Intrahepatic HBV-specific CD8
? T cells are believed to be the key players in the non-cytopathic and cytopathic clearance of HBV [6, 9] .
Fisicaro et al. reported two intriguing cases of patients who successfully cleared HBV after the primary infection without any apparent elevation in ALT level [10] . Longitudinal immunological analyses revealed that NK cells are activated and produce IFN-c prior to the increase in HBV antigen-specific CD4 or CD8 T cells [10] . IFN-c, TNF-a, and IFN-a have been reported to be key players in the mediation of non-cytopathic HBV eradication [5, [11] [12] [13] . Of interest are the findings that IFN-c and TNF-a were able to induce APOBEC3 deaminase, resulting in the reduction of cccDNA in hepatocytes [5, 13] . These data suggest that NK cells could play important roles in non-cytopathic HBV clearance before adaptive immune responses are fully evoked.
DCs are immune sentinels that initiate the primary immune response and harmonize the innate and adaptive immunity systems. Cytokines or IFNs produced by DCs can stimulate NK cells or activate CD4
? and CD8 ? T cells. When intrahepatic mononuclear cells obtained from HBV-infected patients were cultured in vitro, blockade of plasmacytoid DC (pDC)-derived IFN-a downregulated the amounts of interleukin (IL)-12 and TNF-a released from adjacent cells [14] , suggesting that liver pDCs play a pivotal role in regulating immune responses in situ. We have recently shown that pDCs are a key player in the inhibition of HBV replication by producing IFN-a upon primary HBV infection either directly or indirectly through their activation of NK cells [15] . Taken together, these studies suggest that sufficient DC activation mediates successful immune protection against HBV.
An understanding of the roles of NK cells and DCs in self-limited HBV infection through comprehensive studies utilizing clinical samples is needed to develop applicable therapeutic options in chronic HBV infection.
Indoleamine-2, 3-dioxygenase in acute HBV infection
Indoleamine-2, 3-dioxygenase (IDO), an IFN-c or TNF-a inducible enzyme catalyzing tryptophan into kynurenine, has dual functions in infectious diseases, acting as a suppressor of intracellular pathogens and as an immune regulator [16] . We recently reported that vigorous activation of IDO in the early phase followed by sequential increase of chemokines (CXCL9, CXCL10, CXCL11) and cytokines (IFN-c, TNF-a) is a hallmark of successful HBV clearance in patients with acute hepatitis B (Fig. 1a) [15] . In our study, following the peak level of CXCL9-11, which kept pace with the decline in ALT and HBV-DNA levels, an increase in CCL19 and CCL22 levels was observed in most of the cases of acute hepatitis B. CCL19 is chemotactic for the chemokine receptor CCR7 expressing naïve and central memory T cells, whereas CCL22 is a chemoattractant for Th2 effector memory T cells and Tregs [17] . Such activation of CCL19 and CCL22 in the later phase of infection is involved in the replenishment of antigenspecific T cells and maintenance of immune memory. Such sequential and dynamic changes of immune parameters are rarely observed in patients with hepatic flare [15] . IDO activity is augmented by reciprocal activation of NK cells and pDCs mediated by IFN-c and IFN-a. Enhanced levels of IDO were found to be capable of inhibiting HBV replication in hepatocytes [15] . In the same study, at the peak of ALT elevation, an inverse correlation was observed between IDO activity and ALT levels in patients with acute hepatitis B (Fig. 1b) [15] . IDO has been reported to be able to suppress the cytopathic function of cytotoxic T cells (CTLs) and NK cells or to induce Tregs [18] , suggesting that it could be a counter-mechanism against severe liver damage. Therefore, IDO can be considered to be one of the key molecules activated at an early phase when it exerts dual functions, namely, suppressing HBV replication in a non-cytopathic manner and limiting excessive liver damage (Fig. 1c) .
Pattern recognition receptors in HBV infection
Mammalian toll-like receptors (TLRs) sense various pathogen-associated molecular patterns (PAMPs) embedded in virus components and then induce inflammatory cytokines or type-I IFN, resulting in the augmentation of anti-virus immune reactions [19] . Retinoic acid inducible gene-I (RIG-I) and melanoma differentiation antigen (MDA)-5 are cytosolic molecules that sense double-stranded (ds) RNA as a virus replicative intermediate that subsequently activates the interferon regulatory transcription factor-3 (IRF-3) and NF-kappaB (NF-jB) pathways [20] . The 5
0 -e region of pregenomic HBV RNA has recently been reported to be recognizable by RIG-I in hepatocytes, which subsequently stimulates IFN-k release [21] . RIG-I was also found to exert a direct suppressive effect on HBV replication by interfering with the binding of HBV polymerase to pregenomic RNA [21] . To date, limited information is available regarding which HBV components stimulate relevant PAMP receptors. In general, activation of TLR-dependent pathways suppresses HBV replication both in vitro and in vivo [22] .
Cumulative studies have reported that the cGAS-STING (cyclic GMP-AMP synthase-Stimulator of Interferon Genes) pathway plays critical roles in the recognition of dsDNA derived from viruses, subsequently inducing IFNs and anti-viral ISGs [23] . Dansako et al. recently demonstrated that HBV-DNA is recognizable by cGAS, which stimulates STING signaling and subsequently induces ISG15 and ISG56 [24] . These ISGs are capable of suppressing the formation of HBV particles in HBV replicating hepatocytes.
Several lines of evidence have been presented that HBV or HCV impedes TLR-or RIG-I-dependent signal transduction, resulting in impaired innate immune response. In mice, hepatitis B surface antigens (HBsAg), hepatitis envelope antigen (HBeAg), and HBV virions are capable of inhibiting TLR-dependent pathways [25] . HBV-X protein directly degrades adaptor molecule MAVS, resulting in the inhibition of RIG-I-dependent signaling pathways [26] . In the shared downstream pathway of TLR and RIG-I, HBV polymerase is responsible for IRF3 inhibition at the levels of kinases TBK1/IKKe [27] and has been reported to inhibit STING-stimulated IRF3 activation and IFN-b induction [28] . HBV infection causes the inhibition of the nuclear translocation of STAT1 [29] , the blockade of the TLR9-MyD88-IRAK4 axis in pDCs, or the impediment of TLR3/RIG-I signaling in hepatocytes [30] . The role of innate immunity in HBV control might be impaired for these mechanisms. The exact role of innate immunity in HBV infection needs to be investigated.
NK cells and DCs in chronic HBV infection
The NK cell response during chronic HBV infection is functionally impaired [31] . Many research groups have shown that NK cells in patients with chronic hepatitis B become defective in terms of producing IFN-c with preserved cytotoxic activity [31] [32] [33] [34] [35] . Furthermore, TRAIL (TNF-related apoptosis-inducing ligand)-expressing NK cells eliminate HBV-specific T cells which highly express the TRAIL death receptor TRAIL-R2 [36] . Upon antiviral therapy, IFN-c production by NK cells is partially restored through the downregulation of NKG2A [35] .
The susceptibility of DCs to HBV is still a subject of much discussion, and the effect of HBV on DC dysfunction is known to be less than that of HCV [37, 38] . However, several reports are available on functional alterations of DC subsets in HBV infection [39] , including a report of reduced pDC frequency and reduced expression of TLR9 by pDCs [40] . Liver-infiltrating pDCs are more vulnerable to HBV than their peripheral counterparts; liver pDCs have been reported to be significantly reduced and disabled in non-survivors of acute-on-chronic hepatitis B compared to those in survivors [14] . The ability of pDCs to produce IFN-a is impaired specifically in response to TLR9 but not to TLR7 agonists [41] . HBV escapes antiviral immunity by inhibiting TLR-9-mediated activation of pDCs, with consequent disruption of the interactions between pDCs and NK cells, resulting in reduced activity of NK cells in patients with chronic HBV infection [42] . Regarding the mechanisms, HBsAg is the causal factor for such disruption of the pDCs, partly by upregulating suppressor molecule SOCS-1 [41] . The dysfunction of myeloid DCs (mDCs) has also been observed, presumably due to HBV particles and HBsAg [43] . The functional impairment of NK cells and DCs in chronic HBV infection might be actively involved in viral persistency. Therefore, the role of NK cells and DCs in HBV control needs to be better elucidated.
Immunological intervention against HBV infection
Boosting virus-specific immune responses may be beneficial to HBV-or HCV-infected patients; however, critical concerns remain unsolved regarding the potential risks of evoking a severe type of hepatitis. Extensive studies using HBV transgenic mice models have been conducted. These mice are inbred to be tolerant to HBV antigens; however, in one study DCs pulsed with HBsAg induced anti-HB surface antibody (HBsAb), showing that DCs act as a tolerance breaker [44] . Active immunization by vaccine may therefore enhance innate and adaptive immunity against HBV. DCs are one of the most powerful candidates as a vehicle of viral antigens. Martinet et al. reported that peptide-loaded pDCs efficiently induced HBV-specific CD8
? T cells in patients with chronic HBV infection [45] . In another study, monocyte-derived DCs retaining HBsAg recovered from chronically infected patients were able to increase the number of autologous HBV-specific T cells [46] , suggesting that they are a promising adjuvant in vivo. A DNA vaccine could be another candidate: a fusion DNA encoding mouse DEC-205 linked with HBsAg successfully induced T cell and antibody responses against HBsAg in HBV transgenic mice [47] . The efficacy of a combined form of immune stimulants and viral antigens has been reported in some experimental models. Ji et al. reported that a fusion protein of T cell receptor-like antibodies (TCR-L)/IFN-a augmented an IFN-a response selectively against HBV-infected cells [48] . In mice, chimeric antigen receptors directed against HBV envelope proteins localized T cells in the liver, resulting in the reduction of HBV replication [49] .
Immune stimulating reagents, such as TLR agonists, have been used to provoke generalized immune responses, with the aim to simultaneously enhance anti-HBV reactions. In one study, endogenous HBV-CpG oligodeoxynucleotides from the HBV genome stimulated IFN-a production by pDCs in a TLR-9-dependent manner, thus resulting in the clearance of HBV in HBV carrier mice [50] . The importance of TLR9 signaling has also been reported in other mice models where it induced the intrahepatic aggregates of myeloid cells and efficiently supported local proliferation of effector CD8 ? T cells [51] . TLR7 agonist administered orally to chimpanzees was observed to stimulate IFN-a production and the activation of ISGs and NK cells, resulting in prolonged suppression of HBV [52] .
Blockade of programmed cell death (PD)-1 protein is an alternative and promising approach in chronic HBV infection. It has been reported that a combined blockade of PD-1 and CD137 in humans enhanced the responses of liver T cells against HBV [53] . In a woodchuck model with chronic hepadnaviral infection, PD-1 blockade on CD8
? T cells, combined with entecavir therapy and DNA vaccination, enhanced the capacity of virus-specific T cells [54] .
Innate immunity in HCV infection: HLA alleles and IL-28B/IFN-k3
Approximately 20 % of adult patients with primary HCV infection successfully clear the HCV, while the remaining 80 % of cases fail to do so [55] . A number of host factors, such as genetic background or immune responsiveness, are now considered to be involved in dictating the distinct outcomes. Genome-wide association studies have disclosed that certain types of HLA alleles are accumulated in patients who spontaneously cleared HCV; these span from class-I to class-II haplotypes, including extended haplotypes, such as HLA-A03, -B27, -B57 and HLA-DRB1*0101, -DRB1*0401, -DRB1*1101, and -DQB1*0301 [56, 57] . It is possible that some HCVderived peptides would be able to specifically bind to relevant HLA alleles, thus fine-tuning the direction and tone of anti-HCV immunity. Further studies aimed at exploring the functional impact of various HLA alleles or haplotypes on the pathogenesis of this disease are needed.
NK cells are one of the key players of first-line anti-viral immune responses. NK cells express various functional receptors, with one group functioning as transducing inhibitory signals [killer-cell inhibitory receptors (KIRs), CD94, NKG2A] and the other acting as activating signals (NKG2D) [12] . The function of NK cells is dynamically regulated in vivo by the balance between the expressions of counteracting receptors and their association with relevant ligands [58] . Large-scale cohort studies in HCV infection have revealed that certain combinations of HLA-C and KIR haplotypes (KIR2DL3) are closely associated with spontaneous HCV clearance [59, 60] . Such epidemiological observations raise the possibility that NK cells play an active role in HCV eradication.
Several research groups working with multiple ethnic cohorts have reported that genetic polymorphisms [single nucleotide polymorphisms (SNPs)] upstream of the promoter region of the IL-28B/IFN-k3 gene are critically involved in the efficacy of IFN-based treatment in patients with chronic hepatitis C [61] [62] [63] . The same IL-28B SNPs have been reported to be involved in successful spontaneous HCV eradication [64] . These reports clearly indicate that IL-28B or IFN-k3 is intricately involved in HCV eradication, but the mechanisms of their actions are still largely unknown.
Following primary exposure of the hosts to HCV, this virus maintains high replicative levels in the infected liver, resulting in the induction of IFNs and ISGs. The visualization of HCV-infected hepatocytes by in situ hybridization of the HCV genome led the authors of the study to estimate that 20-30 % of hepatocytes are infected and form clusters separated each other [65] . In the case of successful HCV eradication, it has been postulated that IFN-a/b and IFN-k cooperatively induce anti-viral ISGs in HCV-infected hepatocytes. It is of particular interest that, in primary human hepatocytes or chimpanzee liver, IFN-k, but not type-I IFN, is primarily induced after HCV inoculation, the degree of which is closely correlated with the levels of ISGs [66] . These results suggest that hepatic IFN-k could be a principal driver of ISG induction in response to HCV infection.
IFN-ks, or type-III IFNs, comprise a family of highly homologous molecules consisting of IFN-k1 (IL-29), IFNk2 (IL-28A), and IFN-k3 (IL-28B). In clear contrast with type-I IFNs, they are released from relatively restricted types of cells, such as hepatocytes, intestinal epithelial cells, or DCs. Also, the cells that express hetero-dimeric IFN-k receptors (IFN-kR1 and IL-10R2) are restricted to cells of epithelial origin, hepatocytes, or DCs [67] . Such limited profiles of cells expressing IFN-ks and their receptors define the biological uniqueness of IFN-ks. It has been shown that IFN-ks convey anti-HCV activity by inducing various ISGs [67] . Some investigators have been able to show that the expression of IL-28 in PBMCs was higher in subjects with the major IL-28B genotype than in those with the minor IL-28B genotype; however, the levels of IL-28 transcripts in liver tissue were comparable regardless of IL-28B genotype [68, 69] .
DC subsets/BDCA3
1 DCs in acute HCV infection
Dendrite cells, as immune sentinels, sense specific genomic and/or structural components of pathogens with various pattern recognition receptors and eventually release IFNs and inflammatory cytokines [70] . In general, DCs migrate to the organ where inflammation or cellular apoptosis occurs, and they alter their function in order to alleviate or exacerbate disease conditions. Consequently, the phenotypes and/or capacity of liver DCs are affected in the inflamed liver. As mentioned in preceding sections of this review, two phenotypically and functionally distinct DC subsets have been reported in humans-myeloid DCs (mDCs) and plasmacytoid DCs (pDCs) [71] . mDCs predominantly produce IL-12 or TNF-a following exposure to pro-inflammatory stimuli, while pDCs release considerable amounts of type-I IFNs upon virus infection [71] . mDC type 2 (MDC2; BDCA3 ? CD141) DCs have been drawing much attention recently since human BDCA3
? DCs are reported to be a counterpart of murine CD8a
? DCs [72] . Of particular interest is the report that BDCA3
? DCs have a potent capacity to release IFN-k in response to TLR3 agonist [73] .
In order to explore the biological roles of BDCA3 ? DCs in HCV infection, our group has examined the frequency and functions of BDCA3
? DCs as well as other DC subsets in patients with HCV infection. Our studies have demonstrated that human BDCA3
? DCs (1) are present at an extremely low frequency in PBMCs but are accumulated in the liver (Fig. 2a, b) ; (2) are capable of producing IL-29/ IFN-k1, IL-28A/IFN-k2, and IL-28B/IFN-k3 robustly in response to HCV (Fig. 2c) ; (3) recognize HCV by a CD81-, endosome acidification and TRIF (TIR-domain-containing adapter-inducing interferon-b)-dependent mechanism; (4) produce larger amount of IFN-ks upon HCV stimulation in subjects with the major IL-28B genotype (rs8099917, TT) [74] . In contrast, we found that pDCs were able to produce a large amount of IFN-a/b instead of IFN-k upon HCV infection [74, 75] . Such distinct roles of the DC subsets in response to HCV could be safeguard mechanisms of the host as protection against fatal infection. The mechanisms of increased IFN-k3 productivity of BDCA3
? DCs from subjects with the major IL-28B genotype over those with the minor genotype remain largely unknown. It has been postulated that another genetic difference might be involved in the induction of IFN-k3, such as the length of the TATA box region. A close association between TA length and the induction of the IL-28B gene has been reported in a Japanese population [76] , but not in a South East Asian population, suggesting that ethnic differences may have some effect. Other investigators have reported that the stability of IL-28B transcripts may be influenced by the specific determining region in the 3 0 -untranslated region of the HCV genome [77] .
Only a very limited number of studies have been published on the roles of blood DCs in acute HCV infection. Ulsenheimer et al. reported that pDCs are reduced and functionally impaired in acute hepatitis C, but that this decrease is not specific to HCV infection but rather is due to liver inflammation [78] . DCs play a decisive role in shaping innate immunity by interacting with NK cells. It is tempting to speculate that the impairment of DCs in NK cell activation is partly responsible for the failure of HCV control in the early phase of primary HCV infection. Further study on the function(s) of DCs and NK cells in acute HCV infection is required for the successful design of immune therapies based on the induction of efficient antiviral responses.
IFN-k3 in chronic HCV infection
In a study aimed at clarifying the biological significance of IFN-k3 in patients with chronic HCV infection, we measured serum levels of IFN-k3 in patients with chronic hepatitis C and healthy controls and found that the former had significantly higher serum IFN-k3 levels [79] . Following HCV eradication by IFN treatment, the serum IFNk3 levels in the patients with chronic hepatitis C were significantly reduced, indicating that HCV infection triggers the production of IFN-k3, a major source of which may be hepatocytes. In the same study, the serum IFN-k3 levels were higher in patients with acute hepatitis A virus (HAV) and hepatitis E virus (HEV) infections than in healthy controls [79] . These results suggest that elevated IFN-k levels may play protective roles in preventing the spread of hepatitis viruses. The biological functions of IFN-k3 in patients with chronic HCV infection still need to be addressed.
DCs in chronic HCV infection
Studies on chronic HCV infection have shown that the number of mDCs and pDCs are reduced in HCV-infected patients and that both DC subtypes are impaired in their ability to promote Th1 polarization and IFN-a production [75, 80] . One of the proposed explanations for these changes effect is enhanced apoptosis in DCs, partly due to diminished NF-jB activity [81] . Dysfunctional DCs are involved in the exhaustion of CD8
? T cells, confirming that DCs play an important role in linking the innate immune system to the adaptive immune system [82] Monocyte-derived DCs generated from hepatitis C patients have been shown to have an impaired ability to stimulate allogeneic CD4 T cells [83, 84] , with a decrease in the functional impairment of DCs when HCV was eradicated from patients, thereby providing evidence for HCV-induced DC disability [83] . NK cells from HCV-infected patients are able to downregulate DC functions in the presence of hepatocytes by secreting the suppressive cytokines IL-10 and transforming growth factor beta-1 [85] . Two plausible explanations for DC dysfunction in chronic HCV infection are: (1) direct infection of HCV with DCs and (2) the influence of circulating HCV proteins on the function and number of DCs. Studies involving the inoculation of cell-cultured HCV (HCVcc) into various blood cells, including DCs, have been performed in order to reveal HCV tropism [86] . However, to date no direct evidence has been obtained for the replication and reproduction of HCVcc in these cells [87] [88] [89] , although HCVcc does have a negative impact on IFN-a production by pDCs, independently of direct infection of HCV [90] . Of particular interest, Dolguanic et al. proposed a novel mechanism of third-party cells involved in pDC dysfunction. These authors have shown that HCV core and NS3 trigger TNF-a production from monocytes, thereby inducing the apoptosis of pDCs and dampening their IFN-a production [91] .
Further study is required to clarify whether the disability of DCs contributes to the development of HCV persistence or whether it is simply a consequence of active HCV infection.
T cell responses in chronic HCV infection
The relevance of CD4
? and CD8 T ? cells in chronic HCV infection is different from that observed with HBV. Many reports have been published on the importance of CD4
? T cell response in the clearance and control of HCV. ? T cells are functionally impaired and their activity unsustainable [92] , which is in clear contrast to the situation in resolved cases. Inoculation studies of recovered chimpanzees previously infected with HCV demonstrated that CD4
? T cells were indispensable for the development of an effective CD8
? T cell response as protection from HCV persistence [93] . An increase in the number of CD161? CCR6? CD26? Th17 cells capable of producing IL-21 was reported in patients who spontaneously cleared HCV [94] ; the functional relevance if this result needs to be further explored.
With regard to the presence of HCV-specific CD8 ? T cells during the chronic stages of disease, conflicting results have been reported regarding their roles in HCV replication and liver inflammation. HCV-specific CD8
? T cells in chronic hepatitis C patients possess a reduced capacity to proliferate and they produce less IFN-c in response to HCV antigens [95] . Since CD8
? T cells have been reported to be involved in HCV-induced liver inflammation [96] , inefficient CD8
? T cells may evoke only milder hepatocyte injury, the level of which is not sufficient for HCV eradication [97] .
T cell exhaustion is a conceptual mechanism that is involved in persistency of the hepatitis virus. Under continuous exposure to a large amount of viral proteins, antigen-specific T cells become hypo-responsive to repetitive antigen stimulation in terms of proliferation and cytokine production. In the search for an inducer of exhausted T cells, extensive studies have focused on PD-1 expression on HCV-specific CD8
? T cells [98] . Urbani et al. reported that the number of CD8
? T cells expressing PD-1 increased in patients transitioning from acute hepatitis to the chronic phase [99] . However, results from other investigators observing PD-1 have been inconsistent [100] . Of particular importance, HCV-specific CD8
? T cell response is restored in vitro in the presence of masking antibodies against PD ligand 1 (PD-L1), suggesting that the PD-1/PD-L1 pathway could serve as a therapeutic target [10, 101] . In a pilot study on chimpanzees aimed at verifying the efficacy of the blockade of PD-1 using anti-PD-1 antibody against HCV infection, in one of three chimpanzees, the level of HCV-RNA was reduced during the administration of anti-PD-1 antibody, but relapsed after the cessation of treatment. A combination of PD-1 blockade with other inhibitory receptors, or the addition of direct anti-viral agents may be warranted to gain satisfactory results.
Several investigators have reported that the frequency of Tregs increase in chronic hepatitis B or C patients, either in liver or in the periphery [102, 103] . Tregs are endowed with a suppressing capacity on NK cells, DCs, and HBVor HCV-specific T cells, thereby leading to an alleviation of collateral liver damage or impeding virus elimination.
The question as to how Tregs are generated either in HBV or HCV infection is still unsolved. Extensive sequential study of intravenous drug users or healthcare workers who had higher chances of HCV infection showed that repetitive exposure to a minimal dose of HCV tended to induce Tregs, rather than raise the level of effector T cells [104] . Such regulatory mechanisms need to be avoided in order to provide sufficient immunity while awaiting a protective vaccine against HCV.
Perspectives
Synthetic compounds that specifically suppress HBV or HCV replication are now used in clinics [105] . These are quite promising therapeutic agents as an alternative approach for hard-to-treat chronic hepatitis patients, such as those infected with drug-resistant HBV strains or with compensated or decompensated liver cirrhosis. In addition to having an inhibitory effect on viral replication, such compounds are able to restore immunity either indirectly by reducing viral burden or directly by immune modulation.
In patients with chronic hepatitis B and C, a reduction of the viral load could be beneficial for the restoration of once-impaired NK cell function [106, 107] . Extensive immunological studies are needed to elucidate if the therapeutic modulation of innate immunity could shape sustained HBV-or HCV-specific adaptive immunity or exert durable maintenance of anti-tumor immune surveillance.
Most of the people living in middle or lower-income countries have poor or no access at all to costly newly developed drugs. In addition, the number of newly/repetitive HCV-infected patients is on the rise due to increasing numbers of injection drug users as a consequence of social unrest. The development of a protective/therapeutic vaccine may be one of the remedies which could help solve such socio-economic and healthcare problems. Deciphering key elements of the survival strategy of the hepatitis virus could shed light on the way to disarm such fatal and intractable pathogens.
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